Abstract Waxy rice starch was modified with vinyl acetate at levels of 4, 6, 8, and 10 % with degree of substitution of 0.021, 0.023, 0.032 and 0.056. The modified starches were studied for physicochemical, morphological, thermal and infra red spectral properties. Waxy starch acetates had high water holding capacity and did not sediment. Scanning electron microscopy revealed surface damage of the granules and their fusion. X ray diffractography showed that crystalline peak intensity had increased on acetylation. Differential scanning calorimetry studies showed changes in thermal properties. While gelatinization temperatures of modified starches were higher than the native starch, their transition enthalpies were lower than the native starch. IR spectra of the starch acetates did not show the peak typical for acetyl group. Thus, modification of waxy rice starch with vinyl acetate caused changes in the starch properties. The high water holding capacity of starch acetates can be exploited for specific applications.
Introduction
The rise in the textural expectations of the consumers is making researchers to give more attention to the functional properties of starch. The need to improve the functionality of starch and expand its usefulness brought about the search for ways to modify the properties of native starch. These modifications disrupt hydrogen bonding and overcome the limitations of native starch in providing controlled hydration, water holding capacity, gel formation, clarity and stability during aging (Fennema 2005) . Modified starches may be defined by source, prior treatment, amylose and amylopectin content or ratio, degree of polymerization or molecular weight, degree of substitution, physical form, type of derivative and associated constituent (Marshall and Wadsworth 1994) .
Acetylation, hydroxypropylation and cross-linking are the well known methods of starch modification. Cross-linking makes the starch resistant to shear, pH and heat while hydroxypropylation improves cold storage stability. Acetylation of starch to the maximum allowed in foods (degree of substitution (DS) 0.09) lowers the gelatinization temperature, improves paste clarity, and provides stability to retrogradation and freeze-thaw process and functional properties such as hydrophobic, cationic or anionic characters (Wurzburg 1964; French 1984) . Derivatization of starches with monofunctional reagents reduces intermolecular associations, the tendency of the starch paste to gel, and the tendency for precipitation to occur. Hence this modification is often called stabilization, and the products are called stabilized starches (Wurzburg 1964) . In modified food starches, only very few of the hydroxyl groups are modified. Normally ester or ether groups are attached at very low DS (degree of substitution) values. DS values are usually <0.1 and generally in the range 0.002-0.2. Thus, there is, on average, one substituent group on every 500 D-glucopyranosyl units. According to the United States Code of Federal Regulations (1994) , all acetylated starches with an acetyl content of 2.5 % can be used in foods.
Acetylation of starch has been the subject of much research (Wang and Wang 2002; Raina et al. 2006; Yadav et al. 2007; Chi et al. 2008; Mirmoghtadaie et al. 2009 ). Acetylation with acetic anhydride or vinyl acetate introduce stabilizing groups in starch which at low DS has versatile uses as film forming, binding, adhesion, thickening and texturing in food systems (Wurzburg and Szymanski 1970; Matti et al. 2004) . Miyazaki et al. (2006) have observed that the three free OH groups at C 2, C 3, and C 6 have different reactivities. The primary OH at C 6 is more reactive and is acetylated more readily than the secondary ones at C 2 and C 3 due to steric hindrance. The primary OH located at the exterior surface of the starch molecules reacts readily with the acetic groups, while the two secondary ones located within the interior surface of starch form hydrogen bonds with the OH groups on the neighbouring glucose unit. As the degree of substitution increases from near 0 to 3.0, the nature of the starch acetate changes from hydrophilic to more hydrophobic and, simultaneously, the inter-particulate bonding capacity increases greatly (Korhonen et al. 2002) .
The source of starch for modification has generally been corn or potato starch. However, rice starch because of its small granule size that is bland in taste and gives no mouth feel can also be an alternative source of starch modification (Raina et al. 2006) . The brokens from waxy rice milling, a byproduct with low price character can be used for modification to alter the physical and chemical behavior for use in a food system. The detection of structural changes in modified starch can be used for industrial applications (French 1984) .
Acetylation of starches from different sources has generally been done with acetic anhydride (Wu and Seib 1990; Vasanthan et al. 1995; Betancur-Ancona et al. 1997; Liu et al. 1997; Gonzalez and Perez 2002) . Acetylation of waxy rice starch with vinyl acetate and the characterization of the modified starch have not been reported. The objectives of the present study were to prepare acetylated waxy rice starch of low DS with vinyl acetate and to know their water holding capacity, to measure and analyze the structure of the native and acetylated starches by FT-IR, X-ray diffractometer, differential scanning calorimeter and scanning electron microscope. Study of the pasting properties of acetylated starches was not included as suitable equipment could not be accessed.
Materials and methods
A commercial variety of waxy milled rice was locally procured from Tezpur market. Analytical grade chemicals from Merck, Germany were used in the study.
Isolation of rice starch Starch was isolated from waxy rice as described by Mahanta et al. (1989) . Milled waxy rice was soaked in water for 4 h and homogenized in a Philips blendor for 3 min at medium speed. The slurry was successively passed once through a 150-mesh and twice through a 200-mesh sieve and filtered through a Buchner funnel. The starch was then deproteinized, by utilizing the difference in density between starch and protein in a salt solution. The residue on the funnel was blended with 3.6 M sodium chloride and left overnight. The suspension was centrifuged at 1,000 rpm and the top layer was scraped off. The process was repeated twice after suspending the sediment in water until no off-white top layer was seen. The sediment was washed repeatedly with distilled water and filtered through Buchner funnel till chloride free as tested with silver nitrate. The cake was then dried in the vacuum oven at 40°C at 500 mmHg for 8 h, powdered and kept in air tight container for further use.
Analysis of rice starch Rice starch was analyzed for moisture, protein and ash (AOAC 2010). Apparent amylose content was estimated by the method of Sowbhagya and Bhattacharya (1979) .
Preparation of acetylated waxy rice starch The method described by Raina et al. (2006) was followed for acetylation. For acetylation, rice starch slurry was prepared by adding 162 g (db) of waxy rice starch (referred to as native starch hereafter) to 220 mL deionised water at room temperature. The mixture was stirred with magnetic stirrer until homogenous slurry was obtained. The pH was adjusted to 8.0 by adding drop wise 3 % aqueous sodium hydroxide solution. The required amount of vinyl acetate (4, 6, 8 and 10 % on starch, db) was added drop wise, while simultaneously, 3 % sodium hydroxide was added to maintain the pH between 8.0 and 8.4 with continuous stirring. The reaction was terminated by bringing the pH to 4.5 with the addition of 0.5 N hydrochloric acid. The slurry was filtered under vacuum through Buchner funnel. The filtered cake was washed with five volumes of deionised water. The resultant cake was vacuum dried at 40°C at 500 mmHg pressure for about 24 h to less than 12 % (Wurzburg 1964) . Starch acetates were pulverized and stored in air tight container for future use.
Determination of acetyl group (AG) and degree of substitution (DS) The AG expressed as percentage on dry basis and DS of starch were determined according to Smith (1967) . Starch slurry from 5 g of acetylated starch and 50 mL distilled water was made in a conical flask. A few drops of phenolphthalein indicator were added and titrated with 0.1 N sodium hydroxide to permanent pink colour. Then 25 mL of 0.45 N NaOH was added and slurry was vigorously shaken for 30 min. The stopper and neck of flask was flushed with small quantity of deionised water. The excess alkali in the slurry was treated with 0.2 N HCl until pink color disappeared. AG and DS were calculated.
where b is the volume of 0.2 N HCl used to titrate blank (mL), s is the volume of 0.2 N HCl used to titrate sample (mL), N is the normality of HCl (0.2 N) and W is the mass of the sample (g).
where A 0 % acetylated group (db) Sediment volume The sediment volume of native starch and starch acetates was determined (Tessler 1978) . Starch slurry was made with 1 g of starch and 95 mL of deionised water. The pH of the slurry was adjusted to 7 with 5 % sodium hydroxide or hydrochloric acid followed by cooking of the slurry in a vigorously boiling water bath for 15 min. The total weight of the cooked starch slurry was made up to 100 g with deionised water. The mixture was then stirred thoroughly and transferred to a 100 mL graduated cylinder. The cylinder was stoppered and kept undisturbed for 24 h at ambient temperature. The volume of the sediment was then measured.
Morphological properties Scanning electron micrograph of native and starch acetates was obtained with a scanning electron microscope (Jeol, JSM-6390LV, Jeol Ltd., Japan). Starch samples were sprinkled on a thick tape fixed on aluminum stub and treated with platinum for coating up to 12 nm thickness before examination. The coating was done in Jeol JFC1600, auto fine coater.
X-ray diffraction X-ray diffractograms were studied to determine the crystallinity of both the native starch and starch acetates. Samples were dried at 40°C to constant weight in a vacuum oven prior to X-ray scanning. X-ray diffractograms were obtained with an X-ray diffractometer (Rigaku, Japan; Model Miniflex). Data were collected from 2θ of 5°to 30°w ith a step width of 0.02°and at a scanning rate of 5.0°/min. The relative crystallinity (RC) of the starch granules was calculated as described by Rabek (1980) .
where Ac is the crystalline area and Aa is the amorphous area on the X-ray diffractograms Thermal properties Gelatinization and melting characteristics of native and starch acetates were studied using a differential scanning calorimeter (DSC-60, Shimadzu, Japan). The instrument was first calibrated with indium and purged with nitrogen gas at 30 mL/min. Gelatinization characteristics were determined with 4 mg of starch that were accurately weighed into an aluminum sample pan. Up to 8 mg of distilled water was added and the pan was hermetically sealed and allowed to equilibrate for 1 h before analysis. Onset temperature (T o ), peak temperature (T p ), concluding temperature (T c ) and enthalpy of transition (ΔH, J/g) were computed automatically.
Fourier transform infrared (FT-IR) spectroscopy The IR spectra of native and starch acetates were obtained from samples in KBr pellets using a Nicolet FT-IR spectrometer (Impact 410, Madison, WI).
Statistical analysis All analyses were done in triplicates. Duncan's least significant test was used to compare means (significance level p<0.05).
Results and discussion
Analysis of extracted starch The starch extracted from waxy rice was analyzed to determine the extent of purity and to establish the major fraction of the starch present. The isolated starch had 10.5 % moisture, 0.4 % protein and 0.5 % ash. The rice starch had 0.16 % apparent amylose.
Acetyl content (%) and degree of substitution (DS) Native waxy starch was acetylated at four different levels of 4, 6, 8 and 10 % with vinyl acetate. The effect of addition of vinyl acetate on acetyl content (%) and DS is shown in Table 1 . The percentage of acetyl groups in starch was calculated to be 0.58, 0.61, 0.88, and 1.46 % after acetylation with 4, 6, 8 and 10 % vinyl acetate on weight of starch (db). The acetyl groups increased with the increase in the level of vinyl acetate from 4 % to 10 %. The DS increased progressively with increase in acetyl content. The DS was 0.021 for 4 % acetylation, 0.023 for 6 % acetylation, 0.032 for 8 % acetylation and 0.056 for 10 % acetylation. Native rice starch had sparkling white colour whereas modified starches had slightly dull white appearance. They all were observed to be odourless. Table 1 gives the sediment volume of both native and acetylated starches. Sediment volume of native starch was found to be 55 mL. The suspensions of modified starch did not form any sediment. The absence of any sediment shows the superior water holding capacity of acetylated waxy rice starches to form very stable gels. In comparison, the sediment volume of native low amylose rice starches was reported to be between 19 mL and 20.5 mL which increased to 25 mL on acetylation (Raina et al. 2006) . It has been established that cereal amylopectins have a reduced rate of retrogradation compared to tuber starches which is linked to their shorter average chain length (Kalichevsky et al. 1990 ). Further, acetyl groups incorporated into the amorphous regions around the amylopectin structures known as blocklets of the granule may have prevented the intra-and inter-molecular reassociation of the linear portions of the amylopectin molecules which could explain the absence of any sediment formation. These blocklets span the growth rings that probably arise due to the structural weakness in the amylopectin molecule (Baker et al. 2001) . The decreased associative forces between molecular chains as a result of the acetyl group present (Lee and Yoo 2009) must have resulted in increased water retention capacity.
Sediment volume
Appearance and colour Native starch had sparkling white color whereas acetylated starches had slightly dull white appearance as observed visually. Native and starch acetates were found to be odorless. The dull white appearance of acetylated starches may be attributed to the incorporation of vinyl acetate.
Morphological properties The granule structures of native and acetylated starches are shown in Fig. 1 . The granules in native starch were observed to be irregularly shaped and polygonal and varied from 2 to 9 μm in size. The polygonal edges and cavities (indentations) observed in some granules originate from plastic deformation caused by other granules and/or constituents. Similar observation was also reported by Lii and Chang (1991) , Juliano (1992) , Ong and Blanshard (1995) , Champagne (1996) , and Gonzalez and Perez (2002) . Acetylation caused changes in granular structure and the changes became magnified with increase in the level of acetylation. Modification affected the size and shape of the starch acetate granules even at the low degree of substitution that ranged from 0.186 to 0.056 %. Acetylating with vinyl acetate caused granule fusion which was also observed in corn and potato starch granules acetylated with acetic anhydride (Singh et al. 2004 ) and in rice starch acetate (Gonzalez and Perez 2002) . The fusion of starch granules after acetylation at the low levels was explained by Singh et al. (2004) due to the introduction of hydrophilic groups to the starch molecules that enabled coalescing with other granules through hydrogen bonding. The extent of fusion in rice starch granules was found to increase with degree of acetylation. The surface of the fused starch granules showed extensive damage and erosion which can be attributed to the effect of sodium hydroxide treatment during the process of acetylation. The magnitude of the degradation being highest at 10 % level of acetylation. SEM pictures of acetylated starches clearly revealed that acetylation extensively changed the granule morphology and the severity of the change was highest at 10 % level acetylation. The apparent increased damage as DS increased may be because of the steric effects in starch granules induced by acetylation. The fused and surface damaged granules absorbed more water and at the same time, they were broken and swelling might have taken place.
X-ray diffraction A fairly close triplet at around 2θ values of 18°, 17°and 15°along with a peak around 23°signified A type of cereal starches (Zobel 1964) . Similar peak values were seen in native starch (Fig. 2) . Modification with vinyl acetate did not cause loss of crystalline pattern of the starch. No new crystalline pattern was formed. The crystallinity of the acetylated starch was enhanced as revealed by the increase in the peak height as well as width at 2θ values around 15°, 17°, 18°a nd 23°. The relative crystallinity value of native, 4 %, 6 %, 8 % and 10 % acetylated starches was 39.1 %, 63.8 %, 63.0 %, 62.3 % and 66.1 %. Probably the acetyl groups were introduced in the blocklets (Baker et al. 2001 ) that must have reinforced the crystallinity in the acetylated starch. The diffraction peaks of 4 % and 6 % acetylated starches did not have much difference in peak heights. Similarly, diffraction peaks of 8 % and 10 % acetylated starches were closer. Even though scanning electron microscopy revealed substantial damage to the granules, the effect of the damage was not observed on granule crystallinity. Wide peaks at 2θ values of 9°and 20°were assigned to acetylated starches (Chi et al. 2008 ) which however were not seen in waxy starch acetates. Wang and Wang (2002) had acetylated waxy maize starch with acetic anhydride and observed no changes in X-ray diffraction pattern or diffraction peaks among the acetylated starches and unmodified waxy maize starch. The authors explained that acetylation occurred primarily in the amorphous regions and the residual catalysts did not change the crystalline structure of acetylated starches. However, the authors did not mention whether the amorphous areas were the spaces between blocklets or the amorphous lamellae within the amylopectin molecule.
Differential scanning calorimetry (DSC)
The DSC characteristics of native starch and starch acetates are shown in Table 2 . Native starch gelatinized with a peak value at 69.1°C and an enthalpy value of 9.1 J/g. Transition temperatures increased on modification while the transition varied from 3.1 to 5.1 J/g. The increase in crystallinity as suggested by X-ray diffractography and granule fusion shown by SEM may both have made the acetylated starch resist gelatinization. The lowering of the transition enthalpies of the starch acetates may be explained as to be the severe effect of alkali during the acetylation process. The high melting point of the crystalline regions of amylopectin molecule and the increased energy requirement for initiation of gelatinization has been justified by (Singh et al. 2003) as to be due to high energy required to initiate melting in the absence of amylose rich amorphous regions. Contrary to the findings, the DSC endotherms of starch acetates acetylated with acetic anhydride are reported to lower the gelatinization peak (Singh et al. 2004; Mirmoghtadaie et al. 2009 ) of potato, corn and oat starches which were ascribed to the destabilization of granular starches. The peak temperature also increased as degree of acetylation increased. However, the transition enthalpies were found to decrease with increase in acetylation levels again due to the effect of alkali during acetylation. SEM had earlier shown extensive granule surface erosion (Fig. 1) .
FT-IR spectroscopy The infrared spectra for native starch and starch acetates with different degree of substitutions are shown in Fig. 3 . The characteristic bond stretches involved at particular spectral peaks were interpreted in the light of earlier investigations (Yadav et al. 2007; Chi et al. 2008; Ruan et al. 2009 (Singh et al. 2004 ) in acetic anhydride acetylated potato and corn starch and at 1,754 cm −1 (Chi et al. 2008) in acetic anhydride acetylated corn starch was reported that however was not seen in the present study.
The absence of such a peak at around 1,733 cm −1 in the present study is paradoxical when estimation of acetyl content and degree of substitution, thermal and crystalline properties and SEM data clearly showed the effect of introduction of acetyl group into the starch. It is difficult to explain the absence of a band at 1,733 cm −1 for acetyl group in the waxy starch acetates. The paradox might be due to three reasons, the very low level of substitution, the smaller molecular size of vinyl acetate than acetic anhydride and the very bushy nature of amylopectin molecule that could incorporate acetyl moiety deeply into the blocklets (Baker et al. 2001) of its structure i.e., in between the crystalline lamellae within the amylopectin molecule. This may also explain the increased crystallinity of waxy starch on acetylation.
Conclusion
Waxy rice starch was modified with vinyl acetate and studied for physicochemical, morphological, thermal and IR spectral properties. The DS of starch acetates studied ranged capacity of acetylated waxy rice starch in addition to its delayed gelatinization temperature will help in trapping and retaining more water in food systems which are easily susceptible to quick retrogradation. The industrial use of acetylated waxy rice starch in bread and cake making can be further explored and exploited.
